Abstract-Elevated intraocular pressure (IOP) is a major risk factor for the degenerative eye disease glaucoma. Accurate indirect measurements of IOP are essential for glaucoma diagnosis and screening. This work presents an experiment developed to measure IOP in-vitro by simulating the technique of digital palpitation tonometry, a technique in which a trained examiner palpates the eyeball using the fingertips of both index fingers to "feel" the stiffness of the eye. The qualitative nature of this method and errors introduced by the subjectivity of the examiner mean that it is rarely used in comparison with other modern-day tonometry methods. However, this technique offers several potential advantages in that it can be performed outside of a clinical setting without the need for instrument sterilization or local anesthesia and may be less subject to measurement errors occurring in patients who have undergone refractive laser eye surgery.
I. INTRODUCTION

A. Glaucoma and Intraocular Pressure
The degenerative disease glaucoma is the world's leading cause of preventable blindness. Elevated intraocular pressure (IOP) of the eyeball is the major risk factor for the disease [1] . IOPs between 10 and 21 mm Hg are considered normal, with a mean of 16 mm Hg. The risk of developing glaucoma has been shown to increase tenfold if IOP > 23 mmHg as compared with people with IOP < 16 [1] . Current glaucoma treatment is based on attempts to reduce the intraocular pressure and slow the progression of the disease. Therefore, accurate methods to determine IOP are crucial for early detection, screening, and treatment of glaucoma.
The current accepted method for IOP measurement is the Goldman applanation tonometer [2] . This method measures the force necessary to flatten the cornea to predetermined contact area with a diameter of approximately 3mm. Greater forces will be required for higher values of IOP. An alternative method is MacKay-Marg tonometry, a type of noncontact tonometer, which measures the resulting deformation of the cornea from a puff of compressed air. Other methods include transpalpebral tonometry and digital palpitation tonometry. Unfortunately, both of these methods typically under-predict the IOP with significant clinical error [3] . [4] . In the digital palpation exam the force is applied between points A and B.
The current diagnosis techniques of Glaucoma are cumbersome and must typically be done in a clinical setting; however, there are diurnal variations in the IOP on the order of 3-10 mm Hg [5] . Consequently, the ability to measure IOP multiple times during a 24-hr time period is desirable. Further drawbacks of the standard techniques is that they generally require topical anesthesia and there is a risk of infection associated with placing an object in contact with the cornea. Furthermore, it has been shown the Goldman tonometry method is not accurate for individuals who have undergone refractive laser eye surgery due to structural changes in the cornea [6] .
B. Digital Palpation Tonometry
Digital palpation tonometry is a qualitative technique in which a trained examiner lightly presses, or palpates, the eye with the fingertips of both index fingers. A small force is thus applied in alternating fashion on the upper part of the eye, through the eyelid, and the examiner is able to feel the flexibility of the sclera, gauge its tension, and deduce the IOP to within a margin of error. Training sessions can improve the ability of an inexperienced examiner in measuring IOP. An experienced examiner is able to estimate IOP to within 5 mm Hg in an interoperative setting 100% of the time, and estimate the correct values 46% of the time. This accuracy is enough for estimating IOP in intraoperative settings when judging the tightness of scleral sutures during surgery [7] .
The human digital palpation exam is not new, having been first reported in 1862 by Bowman. It served as the standard technique to measure IOP until the advent of the Schiotz tonometer in 1905 [7] . Today, measurement of IOP by digital palpation is only used infrequently due to inherent inaccuracies in palpating the globe through the eyelid, and the advent of more reliable measurement techniques that provide optometrists with quantitative data. Although palpation is an imperfect technique it still plays a limited role in screening for considerable increases in intraocular pressure, especially in cases in which other measurement devices are not readily available or sterile [8] .
C. Measurement of IOP through Palpation
A sensor based on the concept of digital palpation tonometry could address many of the shortcomings present in current tonometers. Desired characteristics are portability, ease of use, lack of topical anesthesia, and insensitivityto changes in corneal structure resulting from laser eye surgery.
In order to develop such a sensor, an in-depth study on the mechanics of the human digital palpation exam is desired. We propose to simulate the technique of digital palpation tonometry using a mechatronic sensor setup. In the simplest sense, the digital palpation exam may be thought of as 2 degree of freedom system (each index finger representing 1 experimental degree of freedom) where a force F is the eyeball. The displacement of the sclera at the point of applanation will depend on the IOP. In this sense, each finger acts as a tactile sensor, measuring the normal surface force as a function of the relative displacement from a reference point on the eyeball. In the palpation examination, patients are typically asked to look down with closed eyes. The redundant skin of the upper eyelid is moved with the examiners index fingers and downward pressure is applied with each index finger alternately to the globe of the eye at the 12 O'clock meridian [8] . Thus, we propose to use a tactile sensor, measuring both force and spatial information to replicate this technique. 
II. METHODS AND MATERIALS
A. Force Sensing
Tests of the human digital palpation exam were conducted and the magnitude of force applied to the eye was found to be in the range of approximately 0 to 2 N. To measure this force, we choose to use bending beam load cells (FUTEK, LBB200) with a 4.5N capacity. The load cells operate using a piezoresistive strain gauge sensor with a full bridge mounted on stainless steel cantilevers with a nominal deflection of 0.28 mm. The point of contact with the eye was a hemispherical plastic dome with radius of curvature 1.0 cm was mounted on the tip of each force sensor. Its geometry was chosen to approximate the shape of a human fingertip. 
B. Data Acquisition
A custom data acquisition board (DAQ) was developed for the purposes of this experiment. Instrumentation amplifiers (INA101, Texas Instruments) were used to amplify the voltage difference from the force sensor strain gauges. 10-bit analog to digital conversion was achieved via programmable flash microcontroller (PIC16F684, Microchip). This was interfaced to a personal computer via the RS-232 connection.
C. Manual Actuation
In order to displace the force sensors along the axis of palpation, a linear translation stage was used. In the first experimental setup (hereafter referred to as the manual actuation experiment), the force sensors were attached with a rigid right angle bracket to an optical linear translation stage driven by a micrometer (Edmund Optics, NT38-958).
D. Mechatronic Sensor
The human digital palpation exam is typically performed using two index fingers, each free to move independently. In order to mimic this, it was desired to have an experiment able to apply force to the eyeball in a number of time-varying fashions and to have control over a wide range of independent force sensor displacements. Thus a chief design requirement was to motorize the linear translation stages and apply a computer based position control such that the experiment could be automated.
The optical linear translation stage from the manual actuation experiment was replaced with a stage consisting of stepper motor driven linear actuators (Nanotec GMBH, LP3575). The linear actuators were able to provide a linear resolution of 0.0254 mm per step, making them ideal for high precision displacement measurements.
E. Translational Control
Control of the stepper motor linear actuators was realized through a personal computer using MATLAB via an open loop setup. A stepper motor controller using a programmable flash-based microcontroller (PIC16F684, Microchip) provided the stepping signals. This controller was interfaced to the computer via the parallel port. A custom MATLAB program was used to control the motion of the motors. Fig. 4 presents an overview of the manual actuation experiment. An agarose gel solution (1) acted as a socket to anchor the eyeball (2) in a Petri Dish (3). IOP was regulated by changing the height of the saline column (4) and connected to the eye with PVC tubing (5). A 3-way valve (6) was used to seal off the eye during measurements, and connected to a pressure sensor (7) . Each force sensor was attached to an L bracket (8) and mounted on an articulating arm (9) that allows for positioning of the force sensors (10) . The displacement of the applanation tip was varied with a micrometer-actuated optical linear translation stage (11) , situated between the L bracket and the end of the articulating arm. Fig. 4 . Schematic of the manual actuation experiment. Adapted from [9] III. EXPERIMENTAL PROCEDURE
F. Experimental Setup Overview
G.
A. Setup
The setup procedure for testing eyeballs in vitro is similar to that described in Halberg, et al. [10] . Enucleated porcine eyeballs were kept in refrigerated storage until ready for measurements and excess tissue was removed with a knife. The eyeballs were mounted firmly in a petri dish containing an agar (Ag) gel solution [Ag] = 30.0 g/l. The solution was allowed to solidify and a thin walled cannula diameter 0.89 mm, length 25.4 mm was inserted through the side of the eyeball with the tip located approximately in the middle of the vitreous chamber. A cyanoacrylate adhesive was used to seal the interface between the sclera and the cannula. The cannula was connected to an adjustable height saline column via PVC tubing and a three-way valve. The pressure in the eye was adjusted by varying the height of the saline column with the valve open. The pressure level was calculated from the measured height of the saline column and allowed to equilibrate for approximately 10 seconds. The valve was then closed, allowing the eye to form a closed system at the desired pressure. In between measurements, the eye was periodically moistened with a saline solution to keep from drying out.
The force sensors were calibrated for each eye trial. The cantilevers were oriented such that the applied force was normal to the surface and weights of known mass were placed on the cantilever tip. The linearity was checked and recorded and the sensors were later 'zeroed' after being positioned in the desired measurement configuration relative to the eyeball. 
B. Manual Actuation Measurements
Measurements were performed in the range of 10 to 40 mm Hg at increments of 5 mm Hg. These values were chosen based on ISO standards which specify the minimum measurement requirements for tonometers intended to estimate IOP in a routine clinical setting [10] . One of the requirements (ISO 8612:2001 and 15004:1997) specifies accuracy greater than ±5 mmHg and the ability to distinguish between IOPs of IOP < 16 mm Hg, 16mm Hg < IOP < 23 mm Hg, and IOP > 23 mm Hg. The height of the saline column was used to set the desired reference pressure during experiments.
The palpation of the eye was performed over the sclera along the center axis of the eye at a point approximately 45 degrees from the center of the cornea. The sensors were positioned such that the hemispherical plastic indenter was just out of contact with the eyeball and the force sensors were zeroed. The micrometer was then incremented in 0.635 mm steps; at each step the normal force of the cantilever was measured. This was continued until the desired force of 3.0 N was reached.
C. Mechatronic Measurements
The positioning procedure for testing the mechatronic sensors was the same as described above.
IV. RESULTS AND DISCUSSION
There have been few previous studies on the deformation of the sclera as a function of IOP. Due to the nonlinear biomechanical properties of the sclera, developing an analytical model is difficult. However, finite element simulations may be used as a reasonable approximation [9] .
A. Manual Actuation Setup
Measurements performed using a single sensor in isolation show a nonlinear relation between force and displacement for a given IOP. These data are represented in Fig. 6 . As IOP was increased from the normal range of 10 to 15 mm Hg (green line), past the glaucoma suspicion threshold of approximately 20mm Hg (red line) to an upper limit of 35 to 40 mm Hg, the slope of the force vs. displacement curves increased.
B. Mechatronic Setup
The results of the single force sensor applantion experiment using the mechatronic setup are shown in Fig.  7 . At a given pressure, each eye was palpated 5 times and the measured force at a given displacement differed during the forward and backward motion, as evidenced by the hysteresis in the curves. As a closer approximation of the human palpation exam, the mechatronic sensor was tested using two degrees of experimental freedom. Initially, the force was applied to the eyeball in an alternating fashion: when one indenter was fully displaced against the eye, the other indenter was not touching the eye. The sensors were then actuated such that the fully displaced indenter was retracted and the other indenter was moved into full displacement against the eye. This cycle was repeated 5 times for a given IOP. Fig. 8 a) shows the motion of each indenter vs. time and the force measurements vs. time for the case of IOP = 10 mm Hg. The resulting force vs. displacement curves are shown in Fig. 8 b) . In contrast to the previous measurements, the slope of the force vs. displacement curves decreased with increasing IOP. As the IOP is increased, it would appear as though less force is required to deform the eyeball by a given amount. However, this analysis does not take into account the effect of the motion of the 2 nd indenter, which clearly plays a significant role in the measurement outcome. Future work will address the dynamics and analysis of simultaneous force sensor measurements. 
V. CONCLUSION
A novel biosensor for measurements of intraocular pressure (IOP) on in-vitro eyeballs has been designed and tested. Experiments have been conducted to measure the IOP based on the technique of simulated digital palpation tonometry. Preliminary tests using porcine eyeballs show the ability to measure IOP in the range 10 to 40 mm Hg to an accuracy of 5mm Hg.
Future work will continue the testing and development of the mechatronic sensor. The ability of the sensor to conduct independent 2 degree-of-freedom measurements has not been fully tested experimentally. Furthermore, the addition of a control feedback system into the mechatronic sensor may be a step closer to simulating and providing a platform to quantify the human digital palpation exam. This measurement modality has the potential to be applied to a new type of IOP sensor, providing a means to facilitate easier treatment and diagnosis of the degenerative eye disease glaucoma.
